Our aim is to determine whether the disulfide bonds of ␣-lactalbumin account for the lack of cooperative folding behavior reported for some molten globule variants, in contrast to the highly cooperative folding reported for the pH 4 molten globule of apomyoglobin. Two different ␣-lactalbumin genetic constructs are studied: [28 -111], which has a single disulfide bond connecting two segments of the ␣-helix domain, and [all-Ala], which has no disulfide bonds. The superposition test used earlier to probe for cooperative folding of the apomyoglobin molten globule is used to determine whether there is an important difference in folding cooperativity between the molten globules of [28-111] and [all-Ala]. The [all-Ala] construct behaves in the same manner as the apomyoglobin molten globule: its folding satisfies the superposition test in the three sets of anion conditions studied, and anions stabilize it against urea unfolding. The [28-111] construct behaves differently in both respects: the folding of its molten globule does not satisfy the superposition test in two of the three sets of anion conditions, and anions barely affect its stability. The 28-111 disulfide bond stabilizes the molten globule substantially, as expected from earlier work. Comparison of the unfolding transition curves monitored by circular dichroism also demonstrates that [28-111] folds in a less cooperative manner than [all-Ala]: the unfolding curve of [28-111] is significantly broader. Moreover, the unfolding curves indicate that [28-111] has a lower helix content than [all-Ala]. Consequently, the 28-111 bond constrains the folding behavior of the molten globule and weakens its cooperativity of folding.
Whether molten globules (MGs) fold cooperatively is controversial, and the cooperative folding reported for the recombinant sperm whale apomyoglobin (apoMb) MG is surprising because a large part of the apoMb MG (1, 2) is either unfolded or poorly folded. Likewise, the ␤-domain of the recombinant human ␣-lactalbumin (␣-LA) MG is unfolded (3) . Nevertheless, highly cooperative (Ϸ two-state) folding of the apoMb MG has been reported (4) (5) (6) , in contrast to poorly cooperative folding of the ␣-LA MG (7, 8) . Although opposite results have been found for these two MGs, nevertheless self-consistent results have been obtained for each one by using different methods. Thus, the results reported for each protein are likely to be correct. We ask here whether the conflicting results found for the two proteins are explained by the disulfide bonds present in ␣-LA but absent in apoMb.
The superposition test used here to probe for cooperative folding has been successful in detecting intermediates (when they exist) in the unfolding reactions of native proteins (9, 10) . The test is to compare the normalized unfolding curves monitored by probes of secondary and tertiary structure. The superposition test is a good starting point for analyzing cooperative folding: a positive result provides a necessary, but not a sufficient, condition for two-state folding. More detailed and sensitive methods, such as NMR monitoring of the unfolding transition (8) or analysis of the kinetics of folding and unfolding (5) , can be used afterward. The question asked here is whether the superposition test reveals a clear difference between the folding cooperativity of two ␣-LA MGs: [28-111], which has a single disulfide bond, and [all-Ala], which has no disulfide bonds. These two constructs were used by Kim and coworkers to measure the effects of MG formation on the equilibrium constants for forming the four different single disulfide bonds of ␣-LA (11) .
Cooperative folding is a relative term: highly cooperative folding means that folding intermediates are not easily detected. Weakly cooperative folding means that intermediates are obviously present although folding is still cooperative, because folding of one segment affects the folding of a neighboring segment. Single-domain native proteins commonly show highly cooperative (two-state) folding in which intermediates cannot be detected. On the other hand, although ␣-helix formation is cooperative because helix propagation depends on a prior nucleation step, it is weakly so because most molecules are only partly helical at equilibrium.
Highly cooperative folding of the apoMb MG is not an invariant property: cooperative folding may be weakened by destabilizing mutations (6, 12) and partially restored by stabilizing anion conditions (6) . Consequently, in investigating the cooperativity of folding it is desirable to examine a range of stabilizing anion conditions. We use the three sets of conditions used earlier in a study of the apoMb MG (6): 30 mM NaCl͞20 mM Na 2 SO 4 ͞50 mM NaClO 4 , pH 4.2. The stability of the apoMb MG increases with anion conditions in the order given. The rationale for anion stabilization is that a MG at acidic pH has a high net positive charge that tends to destabilize the MG, and the positive charge can be reduced by binding specific anions (13, 14) . Dependence of stability on net charge has been tested and confirmed for the apoMb MG by making charge replacement mutants (15) .
Far-UV CD is used as a standard probe of secondary structure in monitoring protein unfolding. On the other hand, molten globules are frequently said to have no organized tertiary structure, and it may seem paradoxical that tryptophan fluorescence (FL) can be used for this purpose. The different FL spectra of the MG and acid-unfolded forms of apoMb indicate that the increased FL of the MG, as well as the redshift of its wavelength of maximum emission, arises from partial burial of the Trp residues in the substantially nonpolar interior of the MG (16) . Results found for apoMb mutants are also consistent with this interpretation (4, 6) .
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MATERIALS AND METHODS

Construction of Variants and Protein Preparations. Plasmids containing genes for the two constructs [28-111] and
[all-Ala] were gifts from Peter Kim at Massachusetts Institute of Technology. The proteins were expressed in Escherichia coli BL21͞DE3͞pLysS and purified by ion exchange chromatography as described (11) . Protein concentrations were determined in 6 M guanidine HCl, pH 6.0, by UV absorbance at 280 nm, assuming 280 ϭ 23,150 M Ϫ1 cm Ϫ1 (18). Oxidized ␣-lactalbumin [28-111] was prepared in 4 M guanidium Cl and 0.2 M Tris⅐HCl, pH 8.5, at room temperature for 72 hr, as described (11) . The concentration of remaining unoxidized cysteine residues in the oxidized ␣-lactalbumin [28-111] was determined by Ellman's reagent (17) . Less than 0.1% cysteine was found in oxidized .
CD and FL Measurements and Analysis of Unfolding Transitions. CD data were collected at 222 nm with a 1-cm cuvette by using an Aviv 62A DS (Aviv Associates, Lakewood, NJ) CD spectropolarimeter. FL measurements were made by using an SLM AB2 (SLM-Aminco, Urbana, IL) spectrofluorimeter with a 1-cm light path. Excitation was at 280 nm (with a bandpass of 4 nm) for both and [all-Ala], whereas emission was monitored at 340 nm (with a bandpass of 16 nm) for [28-111] and 320 nm for [all-Ala]. Protein concentrations of 1 M and 2 M were used for FL and CD measurements, respectively. The CD-monitored helix content at 222 nm did not vary with protein concentration between 0.5 and 50 M for [all-Ala] at pH 4.2 (data not shown.) The buffer used for measuring the urea-induced unfolding curve was 2 mM sodium acetate, pH 4.2, and the temperature was 20°C.
Urea-induced unfolding curves were analyzed by a two-state equation with linear baselines, according to a procedure (19) that uses data inside as well as outside the transition zone to fix the baselines. The linear extrapolation model was used to express the dependence of the unfolding free energy (⌬G) on the molar urea concentration [C], according to ⌬G ϭ ⌬G(H 2 O) Ϫ mC. At the midpoint of the urea unfolding transition (C m ) ⌬G is zero and mC m ϭ ⌬G(H 2 O), the free energy of unfolding at C ϭ 0.
RESULTS
The Superposition Test Applied to [all-Ala] and [28-111].
The superposition test for cooperative unfolding of [all-Ala] is shown in Fig. 1 (30 mM NaCl) and in Fig. 2 (20 mM Na 2 SO 4 ). The raw data, scaled to allow superposition in the transition zone, are shown in Figs. 1 A and 2 A. In the unfolded baseline region, the FL baseline is approximately level, although the CD baseline continues to decline with increasing [urea]: by eye, the CD baseline region cannot be distinguished from the transition zone. The native baseline region is short and not very helpful in determining the baseline contribution of the native protein. There is a glitch in the CD native baseline in Na 2 SO 4 (a decline, rather than an increase, in CD below 1.5 M urea), which appears also in NaClO 4 but not in NaCl.
The CD and FL-monitored unfolding curves are fitted separately to the two-state equation. This procedure fixes the native and unfolded baselines, and it uses the extensive data inside the transition zone as well as the limited data above and below the transition zone to determine the baselines. After subtracting the baseline contributions to CD and FL, the normalized curves are compared with each other in Figs. 1B and 2B. Within error, the CD and FL-monitored unfolding transitions are superimposable. The same result is found in NaClO 4 (data not shown). The data points corresponding to the glitch in the CD unfolding curves of [all-Ala] (in Na 2 SO 4 and NaClO 4 ) are omitted in fitting the raw data to the two-state equation.
The raw data for CD and FL-monitored unfolding of [28-111] are shown in Fig. 3 A-C for all three anion conditions. Although CD-monitored unfolding gives an S-shaped curve that resembles a two-state unfolding transition, FL-monitored unfolding gives approximately linear curves in NaCl and Na 2 SO 4 . It is not possible to fit these FL unfolding curves to the two-state equation, and the superposition test for cooperative folding of [28-111] fails even at the level of inspecting the raw data for unfolding. FL-monitored unfolding of in NaClO 4 does give an S-shaped curve (Fig. 3C) , and the CD-and FL-monitored unfolding curves can be superimposed by adjusting the scales of the raw data. Nevertheless, analysis of the breadth of the unfolding transition curves indicates that unfolding of in NaClO 4 is not two state (see Discussion).
Comparison of the CD-Monitored Unfolding Curves of [all-Ala] and [28-111].
The CD-monitored unfolding curves of [all-Ala] and in NaCl, Na 2 SO 4 , and NaClO 4 are compared in Fig. 4 A and B . Several points can be seen by eye. 
DISCUSSION
Use of the Superposition Test to Study Folding Cooperativity of Molten Globules.
Use of the superposition test to study folding cooperativity is well established for single-domain native proteins. They display two important properties that may or may not be shared by molten globules: first, their structures are uniform, and second, their folding reactions accurately fit the two-state model, except for those exceptional proteins that give rise to observable folding intermediates. Also, the unfolding transition curves of native proteins are sufficiently sharp that the native and unfolded baselines can be determined reliably with the aid of data above and below the transition zone. Although it is possible to determine the baselines for very broad transition curves by fitting the unfolding transition to the two-state model, the baselines determined in this way are less reliable than the ones found when the transition curves are sharp.
Because caution is needed in applying the superposition test to molten globules, we follow these rules. (i) Before using the superposition test, the raw data for CD-and FL-monitored unfolding are superimposed and examined. This comparison may reveal unexpected problems in applying the test. A positive superposition test, found after subtracting the baselines and normalizing the curves, should already be plausible from inspecting the raw data. (ii) A positive superposition test indicates that folding is clearly cooperative but not necessarily two state; more sensitive tests, such as NMR monitoring of the transition (8) or analysis of the kinetics of folding and unfolding (5), are needed. On the other hand, a negative superposition test is sufficient to show that folding is not highly cooperative.
Highly Cooperative Folding of [all-Ala] and Weakly Cooperative Folding of [28-111].
The superposition test is satisfied for [all-Ala] in all three sets of anion conditions (NaClO 4 not shown) and inspection of the raw data ( Figs. 1 A and 2 A) already suggests that the superposition test should be positive. On the other hand, the raw FL data for in NaCl and Na 2 SO 4 show that the superposition test cannot be positive. The FL-monitored unfolding curves are almost linear throughout the whole range of urea concentration, and the FL curves cannot be fitted to the two-state equation.
The CD-monitored unfolding curves by themselves suggest that [all-Ala] unfolding is more cooperative than that of [28-111]. Weaker cooperativity causes the unfolding transition curve to broaden. Quantitative comparison between the breadth of the unfolding curves of [28-111] and [all-Ala] may Fig. 1 A. be made with the use of the linear extrapolation model (see Materials and Methods). The apparent m values (denoted by m*) provide a quantitative measure of transition breadth: a higher m* value means a sharper transition curve and higher cooperativity of folding. In a two-state folding reaction, the m value is known to be closely proportioned to ⌬ASA, the change in accessible surface area on unfolding (20) . This is true of both urea-and guanidine-induced unfolding reactions. and [all-Ala] should have the same values of ⌬ASA, if they form closely similar MGs, except that the disulfide of should cause it to be more compact. This effect has been estimated as a decrease of 900 A°2 per disulfide bond (20) , which equals a decrease of 99 cal⅐mol Ϫ1 M Ϫ1 in m-value. (Table 1) , which is significantly lower, and the same behavior is seen in Na 2 SO 4 and especially in NaClO 4 ( Table 1 ). Thus we can conclude from CD data alone that the unfolding of [28-111] is not two state, particularly in 50 mM NaClO 4 .
The 28-111 Disulfide Bond Places a Constraint on the Folding Behavior of the ␣-LA MG. Measurements of C eff , the effective concentration of one Cys thiol group in the vicinity of the other before the disulfide bond is formed, show that the 28-111 bond is exceptional among the four disulfide bonds of ␣-LA in being stabilized by the MG (11 (16) . In the apoMb case, the cause of the glitch is known to be a [urea]-and pH-dependent interconversion between two forms of the MG (16) .
Implications for the Mechanism of MG Folding. Our results support the proposal (4-6, 22) that the folding reactions of structured molten globules are intrinsically highly cooperative, although MG folding is not very stable, and the cooperativity of folding is likewise fragile, easily perturbed by covalent crosslinks (as we report here), or by severely destabilizing mutations (6, 12) . Cooperative folding of helical MGs implies specific hydrophobic packing interactions between helices. Mutational evidence for specific (or native-like) packing interactions between helices has been reported for a kinetic folding intermediate of cyt c (23) as well as for equilibrium MGs of cyt c (24, 25) , apoMb (6, 12) , and ␣-LA (21, 26.) Note Added in Proof. After this paper was completed, we received a preprint describing related work (27) . The urea-induced unfolding transitions at pH 2 of [all-Ala] and of wild type (with four disulfide bonds) are compared in the absence of any stabilizing anion (except for the anion of the acid used to produce pH 2). The NMR method used earlier (8) to monitor the MG unfolding transition, which uses 15 N-labeled protein, is used. Cooperativity of folding is not a main subject, but in the unfolding curve of [all-Ala] ''cross peaks from the four ␣-domain helices of the native structure become observable in the NMR spectra over a relatively narrow range of urea concentrations,'' and their results apparently are consistent with the ones reported here. Because they do not use a stabilizing anion, [all-Ala] unfolds in a lower range of urea concentrations (Cm Ϸ 3.4 M) than found here in Na2SO4 or NaClO4 (Table 1) .
We thank Peter S. Kim for his plasmids and suggestions. Y.L. was a fellow of the National Institutes of Health. This work was supported by a National Institutes of Health Grant (GM 19988) to R.L.B.
